Cerebral cavernous malformations (CCMs) are common vascular anomalies that develop in the central nervous system and, more rarely, the retina. The lesions can cause headache, seizures, focal neurological deficits, and hemorrhagic stroke. Symptomatic lesions are treated according to their presentation; however, targeted pharmacological therapies that improve the outcome of CCM disease are currently lacking. We performed a high-throughput screen to identify Food and Drug Administration-approved drugs or other bioactive compounds that could effectively suppress hyperproliferation of mouse brain primary astrocytes deficient for CCM3. We demonstrate that fluvastatin, an inhibitor of 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase and the N-bisphosphonate zoledronic acid monohydrate, an inhibitor of protein prenylation, act synergistically to reverse outcomes of CCM3 loss in cultured mouse primary astrocytes and in Drosophila glial cells in vivo. Further, the two drugs effectively attenuate neural and vascular deficits in chronic and acute mouse models of CCM3 loss in vivo, significantly reducing lesion burden and extending longevity. Sustained inhibition of the mevalonate pathway represents a potential pharmacological treatment option and suggests advantages of combination therapy for CCM disease.
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cerebral cavernous malformations | fluvastatin | zoledronic acid | mevalonate pathway | high-throughput screen C erebral cavernous malformations (CCMs) are common vascular malformations that develop in the brain, spinal cord, and, more rarely, the retina (1, 2) . The lesions consist of dilated sinusoidal channels lined with a single layer of endothelium devoid of vessel wall elements. CCM disease is often asymptomatic, but on occasion the lesions rupture leading to hemorrhagic stroke. Other common symptoms are headache, seizures, and focal neurological deficits. Treatment options include observation of asymptomatic lesions, antiepileptic medication, and surgical excision of lesions in patients with symptomatic or repetitive hemorrhages or intractable seizures; however pharmacological therapies that improve outcome are lacking. CCM disease is usually sporadic, although 20% of patients carry lossof-function mutations in one of three genes: CCM1 (also known as "KRIT1"), CCM2, and CCM3 (also known as "PDCD10") (3), which encode structurally unrelated cytoplasmic proteins with critical roles in endothelial cells (4) and, uniquely for CCM3, in neurons and astrocytes as well (5, 6) . CCM3 loss in neural progenitors results in hyperproliferation/activation of brain astrocytes and enhanced activity of RhoA in vivo and increased proliferation and survival of primary astrocytes in vitro (5, 6) . We took advantage of these well-defined cellular phenotypes of CCM3 loss to explore potential pharmacological treatment options for CCM. High-throughput screening of available drugs identified fluvastatin, a 3-hydroxy-3-methyl-glutaryl (HMG)-CoA reductase inhibitor as a top candidate. In combination with the N-bisphosphonate zoledronic acid monohydrate (zoledronate), fluvastatin effectively reversed the effects of CCM3 loss in primary astrocytes and in Drosophila glial cells in vivo. Moreover, combined treatment with fluvastatin and zoledronate in vivo prevented neural and vascular defects and reduced lesion burden while extending lifespan in chronic and acute mouse models of CCM3. Our results suggest that combined therapy with fluvastatin and zoledronate might have therapeutic effects in CCM.
Results
Identification of Therapeutic Candidates for CCM Disease by HighThroughput Screening. To identify available medicines effective for treatment of CCM, we used high-throughput screening to search for drugs that reverse the marked increase in proliferation of CCM3-deficient (Ccm3 −/− ) primary astrocytes isolated from hGfap/Ccm3 conditional knockout (cKO) neonatal mice (5) . We screened 3,806 bioactive compounds [kinase and phosphatase inhibitor sets and Food and Drug Administration (FDA)-approved drugs] using the collections at the Yale Center for Molecular Discovery (Fig. 1A and SI Materials and Methods). We identified 165 "screen-active" candidates that inhibited proliferation more than 2 SDs from the median; 54 remained for further evaluation after hit-picking, which eliminated ineffective (<50% effect) and toxic compounds. The remaining 25 hits (19 drugs because of duplications) included five statins (cerivastatin, mevastatin, fluvastatin, simvastatin, and pitavastatin), five antineoplastic drugs, six Significance Cerebral cavernous malformations (CCMs) are common vascular anomalies of the central nervous system that can lead to seizures, focal neurological deficits, and brain hemorrhage. Clinical options are limited mainly to treatment of symptoms or surgical resection, and targeted pharmacological therapy is lacking. Here we undertake a high-throughput screen and identify fluvastatin and zoledronate, two drugs already approved for clinical use for other indications, which act synergistically to reverse outcomes of CCM3 loss. Used in combination, fluvastatin and zoledronate effectively attenuate neural and vascular deficits in mouse models of CCM in vivo, significantly reducing formation of lesions and extending longevity. Our studies suggest that combined therapy targeting the mevalonate pathway might have therapeutic effects in CCM disease.
antibiotics, and three others, amounting to a hit rate of 0.657% (Fig.  1A and Table S1 ). Thus, statins ( Fig. 1 B and C) represented a major drug group capable of affecting aberrant proliferation of Ccm3 −/− astrocytes. Next, we performed dose-response studies for the above hits and for atorvastatin, pravastatin, and lovastatin (which were not positive in primary screening), and the Rho kinase inhibitor fasudil hydrochloride (fasudil), despite its being approved only in Japan and China, but not in the United States or Europe, because it was shown to be effective in CCM mouse models (7, 8) . Fluvastatin, cerivastatin, lovastatin, and simvastatin ( Fig. 1D and Fig. S1 A-C) reversed aberrant proliferation of Ccm3 −/− astrocytes, without apparent toxic effect on wild-type cells, whereas pitavastatin, mevastatin, atorvastatin, and pravastatin ( Fig. 1E and Fig. S1 D-F) were only mildly effective at very high concentrations; fasudil (Fig. S1G ) showed no effect. Other compounds were either unsuitable for CCM (the fungicide thiram and pyrithione zinc, used in the treatment of seborrheic dermatitis) or ineffective (BAY11-7082, patulin, and mitoxantrone hydrochloride) (Fig. S1 H-L and Table S1 ). They were excluded from follow-up studies, together with cerivastatin (withdrawn from the market by the FDA); simvastatin [ineffective in CCM mouse models (9-11)]; mevastatin (never marketed); and atorvastatin, pravastatin, and fasudil (all ineffective in our screen). The rather inefficient "super-statin" pitavastatin (Fig. 1E ) was retained for further experiments as a control against fluvastatin and lovastatin, the remaining candidates after the dose-response studies.
The N-Bisphosphonate Zoledronic Acid Monohydrate Potentiates the Efficacy of Fluvastatin. Statins competitively inhibit HMG-CoA reductase and hence reduce cholesterol biosynthesis (Fig. 1C) . In addition, they affect other processes that depend on the mevalonate pathway, including protein prenylation, a posttranslational modification of G proteins (12) such as RhoA, which is activated upon CCM protein loss (4) . Statins normally are effective only at high doses; hence, we searched for FDA-approved drugs that could act synergistically to increase fluvastatin (or lovastatin) efficacy. Nitrogenous (N) bisphosphonates block protein prenylation by inhibiting the farnesyl pyrophosphate and geranylgeranyl pyrophosphate synthases (Fig. 1C) and have synergistic effects with statins on cell lines (13) and in vivo (14) . We therefore used primary astrocytes to investigate zoledronic acid monohydrate (zoledronate; not included in the primary screening), which is standard of care for patients with bone disease (15, 16) and may have antiangiogenic properties (17) .
Zoledronate affected the proliferation of Ccm3 −/− astrocytes at high concentrations, albeit not as efficiently as statins, whereas the nonnitrogenous bisphosphonate clodronic acid (clodronate) (18) had no effect (Fig. 1F and Fig. S2A ). Therefore, we tested the efficacy of zoledronate in combination with lovastatin, fluvastatin, or pitavastatin at the dose (10 μM) used in the screen. Dose-response studies indicated that zoledronate was more effective with fluvastatin than with either pitavastatin or lovastatin ( Fig. 1 G and H and Fig. S2B ). Because 10 μM fluvastatin was very potent, we titrated zoledronate and fluvastatin to identify optimal concentrations. Dose-response studies for zoledronate with fluvastatin ( Fig. 1 I and J and Fig. S2 C-F) or pitavastatin (control) Acetyl-CoA
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Combined Treatment with Fluvastatin and Zoledronate Reverses the
Effects of CCM3 Loss in Vitro. We then investigated the effect of combined treatment on additional outcomes of CCM3 loss.
Ccm3
−/− primary astrocytes migrate faster than wild-type astrocytes on grooved substrata (Fig. 2 A-C and Fig. S3 ) and in the classic scratch assay (Fig. 2D and Fig. S3 ). Combined treatment effectively attenuated migration in both assays without an obvious effect on wild-type cells (Fig. 2 D and E and Fig. S3 ). Moreover, treatment with fluvastatin (but not pitavastatin) and zoledronate suppressed actin stress fibers, an indicator of RhoA activation that is characteristic of Ccm3 −/− astrocytes (Fig. 2 F-V and Fig. S4 A-F) , resulting in diminished RhoA association with the membrane (Fig. 3A and Fig. S4G ). Finally, activated astrocytes express VEGFA (19) , and indeed Ccm3 −/− astrocytes expressed high levels of VEGFA, which was significantly reduced by drug treatment (Fig. 3 B and C and Fig. S4H ). Therefore, low-dose fluvastatin and zoledronate reduced the aberrant proliferation and the increased migration, stress fiber formation, and VEGFA expression associated with CCM3 loss in primary astrocytes. The drugs had no clear effect on known CCM3 interactors [the kinases MST3/STK24, MST4/MASK/STK26, or YSK1/SOK1/ STK25 (20) ], indicating that these are not likely to mediate drug action (Fig. S4I) . However, fluvastatin alone or together with zoledronate inhibited both JNK1 and ERK1/2 phosphorylation, whereas the pitavastatin-zoledronate combination affected only ERK1/2 (Fig. 3 D-G) , suggesting that fluvastatin and zoledronate specifically modulated the JNK pathway.
To dissect further the mechanism underlying the marked effect of zoledronate on the IC 50 of fluvastatin, we tested inhibitors of mevalonate pathway branches (Fig. 1C) . Zaragozic acid, an inhibitor of squalene synthase, had no effect (Fig. S5 A-C) . Inhibitors of geranyl-geranyl transferase (GGTIs; namely, GGTI-298, -2417, and -286) ( Having established drug efficacy in primary astrocytes, we next assessed their effects in model organisms. In Drosophila, a genetically tractable model, the drugs attenuated glial cell proliferation in a dose-dependent manner following RNAi targeting CG5073, the single ortholog of Ccm3 (21), and also inhibited the JNK and ERK pathways (Fig. S6 ), suggesting that Drosophila may be useful for rapidly testing candidate compounds.
Next, we investigated the effects of combined treatment using two mouse models of CCM3 loss. In the first model, hGfap/Ccm3 cKO mice, the constitutive loss of CCM3 leads to hyperproliferation and activation of astrocytes and disrupts the development of the retinal vasculature (5, 6), which forms on a template of astrocytes emerging from the optic nerve (22) . Fluvastatin (250 μM; 30 mg·kg
) and zoledronate (500 μM; 40 mg·kg were administered in drinking water to pregnant dams or lactating females for 4-7 d at doses previously used in animal studies and within the range recommended for humans (23) (24) (25) .
In some experiments, zoledronate (100 μg·kg −1 ·d −1 ) was injected s.c. instead. Neonates were analyzed at P2. The drugs abrogated the increased proliferation of Ccm3 −/− astrocytes in a dosedependent manner, as assessed by the reduced levels of Aldh1L1, a specific marker of astrocytes (Fig. 4 A-F′ and Fig. S7 A-D) (26) . Retinal endothelial cell migration onto Ccm3 −/− astrocytes is increased at P2, as compared with P1 (5), and was considerably reduced by drug treatment (Fig. 4G and Fig. S7 E-J) , which therefore reversed cell-autonomous (in astrocytes) as well as non-cell-autonomous (in retina) effects of astrocytic CCM3 loss. Finally, both delivery routes for zoledronate were effective (Fig.   S7 ), and treatment of control littermates with the drug combination had no obvious adverse effects in vivo.
Combined Treatment Reverses Outcomes of Endothelial CCM3 Loss in
Vivo and Extends Longevity. We next tested the effects of combined treatment in an endothelial cell-specific, acute model of CCM3 disease. We used inducible Cdh5(PAC)CreERT2/Ccm3 cKO mice, which develop vascular malformations in the cerebellum and retina (27) that respond to pharmacological manipulation (28) . Newborn pups were induced with tamoxifen and then were injected daily with fluvastatin [15 mg·kg −1 ·d −1 intragastrically (i.g.)] and zoledronate (100 μg·kg −1 ·d −1 i.p.) starting at P2. Brains and retinae were analyzed at P6. Drug treatment significantly reduced cerebellar lesion burden (Fig. 5 A-F′ and G-T) and, moreover, partially rescued retinal blood vessel dilation and vascular malformations at the periphery of the retinal vascular network (Fig. 5 A′′-F′′ and U) . Previous work showed that KLF2/4 are up-regulated following CCM loss in endothelial cells (29) (30) (31) (32) (33) . KLF2/4 signals were increased in the cerebellum of cKO mice, but the drugs did not reverse this effect (Fig. S8) . Finally, sustained drug treatment significantly prolonged the survival of cKO mice induced with a full dose of tamoxifen at P1 or P6 (Fig. 5 V and W) and even extended the longevity of mice induced with a low dose of tamoxifen at P6 to generate a subacute CCM model (Fig. 5X ). In conclusion, combined treatment with fluvastatin and zoledronate reversed phenotypes in mice with CCM3 loss in vivo, suggesting a potential pharmacological therapy of CCM disease that warrants further investigation. Remarkably, although the drugs were initially identified and validated in astrocytes and in a chronic model of neural CCM3 loss in vivo, they also were effective in an acute model of endothelial CCM3 loss, demonstrating efficacy in more than one cell type.
Discussion
Here, we report a potential combination therapy for CCM disease compatible with human administration. We demonstrate Results are averages of three paired independent experiments. *P < 0.05; **P < 0.005. that fluvastatin (identified in an unbiased in vitro screen) and zoledronate, two FDA-approved drugs, reduce the severity of outcomes associated with CCM3 loss in primary astrocytes and reverse the effects of ccm3 silencing in Drosophila glial cells in vivo. The drugs further reverse neural and vascular phenotypes in chronic and acute preclinical mouse models of CCM3 and significantly reduce lesion burden while extending longevity, suggesting that they are efficient in different cellular contexts. Importantly, both drugs cross the blood-brain barrier (https:// www.drugbank.ca/), as also indicated by the results in this study. Our findings suggest that a two-step inhibition of the main trunk of the mevalonate pathway potently attenuates the effects of CCM3 loss and warrants studies to evaluate fluvastatin and zoledronate as a potential combined therapeutic intervention. Notably, familial CCM3 disease is associated with earliest onset and most severe prognosis, and its clinical phenotype is exceptionally aggressive (34). Our unbiased screen identified statins as the major candidate drug group for consideration in the context of CCM disease. Statins are well-studied and widely prescribed medicines. Fluvastatin, the first HMG-CoA reductase inhibitor to be synthetically prepared, has a short half-life with no active metabolites. In the clinical setting, it is used to treat dyslipidemias and as secondary prevention of cardiovascular disease. Exploring statins in the clinical population as therapy for CCM has proponents (35), despite potential pathological outcomes associated with inhibition of prenylation (36) . The results of a clinical trial to assess the effects of simvastatin on barrier permeability in CCM1 patients are pending (ClinicalTrials.gov identifier: NCT01764451). Zoledronate, an inhibitor of farnesyl-pyrophosphate and geranyl-geranyl-pyrophosphate synthases, is approved to treat and prevent glucocorticoid-induced osteoporosis, hypercalcemia of malignancy, and multiple myeloma and bone metastases from solid tumors. To date, various agents have been tested in preclinical models of CCM, including fasudil, which reduced lesion burden in Ccm1 and Ccm2 heterozygous mice (8) , and simvastatin, which stabilized the endothelium of the latter (9) but failed to reduce lesion burden in mice lacking endothelial CCM2 (10), in contrast to cholecalciferol (vitamin D3) and tempol (a scavenger of superoxide) (10) . Moreover, fasudil (but not simvastatin) reduced lesion burden and improved survival in sensitized Ccm1 (but not Ccm2) heterozygous mice (11) . The nonsteroidal antiinflammatory drug sulindac sulfide constrained vascular lesions in Cdh5(PAC)CreERT2/Ccm3 cKO mice lacking endothelial CCM3 (28) . Combined treatment with fluvastatin and zoledronate appears to have effects comparable to sulindac sulfide on survival; both approaches also reduced lesion burden, although slight differences in analyses preclude direct comparisons. Because endothelial gain of MEKK3 was suggested in CCM1 disease (33) , future studies will likely test inhibitors of this cascade. In conclusion, fluvastatin/zoledronate combination therapy, which effectively inhibits the mevalonate pathway, warrants further evaluation as a pharmacological intervention in familial and potentially in sporadic CCM disease.
Materials and Methods
Animals. Mice were maintained in compliance with National Institutes of Health guidelines. Protocols were approved by the Yale University Institutional Animal Care and Use Committee. Details on mouse strains and drug administration are provided in SI Materials and Methods.
Cultures of Primary Astrocytes and Drug Screen. Primary astrocytes from wildtype and hGfap/Ccm3 cKO littermates at P1 were isolated as previously described (5). The primary screening was performed at the Yale Center for Molecular Discovery.
The scratch-induced migration assay (37), analysis of retinal malformations (38), time-lapse microscopy (39), and lesion burden were performed as previously described. Details are provided in SI Materials and Methods.
Antibodies. The full list of antibodies used is reported in SI Materials and Methods.
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Nishimura et al. 10 .1073/pnas.1702942114 SI Materials and Methods Study Design. The objective of the study was to identify available drugs and bioactive compounds that might be effective for the treatment of CCM disease, using high-throughput screening. The study further sought to address how treatment efficacy could be enhanced and to define the underlying molecular mechanisms. Finally, the treatment was tested in vivo in Drosophila and in two different and well-characterized mouse models of CCM disease. All in vitro experiments were repeated in at least three independent cultures. For in vivo studies, animals were randomized into groups. All experimental and control animals were littermates, and no samples or animals were excluded from analysis. Sample sizes were estimated based on our preliminary findings for rescue of the CCM phenotype and previous reports. Sample sizes were based on preliminary visual analysis of the hindbrains of P6 animals from which lesion numbers and sizes can be directly assessed and showed that differences between genotypes would allow statistical interpretation with relatively small n values. The migration assay and all quantifications (lesion size and migration distance) in vivo were performed in a blinded fashion. All figures are representative of at least three paired independent experiments unless otherwise noted.
Animals. Mice were maintained in compliance with National Institutes of Health guidelines and as approved by the Yale University Institutional Animal Care and Use Committee. Ccm3 lox mutants were reported previously (5, 6). hGfap-Cre mice were purchased from the Jackson Laboratory (no. 004600). Cdh5 (PAC)CreERT2 mice were a gift from Ralph Adams, Max Planck Institute for Molecular Biomedicine, Munich, Germany (40) . To generate Cdh5(PAC)CreERT2/Ccm3 cKO mice (inducible endothelial cell-specific cKO), the Ccm3 lox mutants were bred with Cdh5(PAC)CreERT2 mice. Tamoxifen (T5648; Sigma) was dissolved in corn oil at 10 mg/mL and diluted in 50 μL corn oil before a single intragastric administration at 35 mg/kg body weight at P1. For survival experiments, tamoxifen was delivered at P1 or P6 by a single i.g. injection at full (35 mg/kg body weight) or low (10 mg/kg body weight) dose. All mice were maintained in mixed genetic background (C57BL6, 129, and FVB), backcrossing more than 10 times. Breeding pairs between 2 and 6 months of age were used to generate the CCM mouse model. Male and female animals were used in equal numbers for all experiments.
Cultures of Primary Astrocytes. Primary astrocytes from wild-type and hGfap/Ccm3 cKO littermates at P1 were isolated as previously described (5) . Briefly, after genotyping, the neocortex was dissected free of meninges in sterile, ice-cold DMEM/ F12 containing 20% FBS, minced with forceps, and forced through a 40-μm nylon mesh (no. 35230; Becton-Dickinson). The filtrate then was passed through a 10-μm nylon mesh (part number CMN0010; Small Parts), and cells were plated onto poly-L-ornithine (15 μg/mL; no. P4638; Sigma) and laminin (4 μg/mL; no. 23017-015; Invitrogen)-coated T-75 tissue culture flasks in DMEM/F12 containing 20% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. These culturing conditions were used in all experiments. A highly enriched (as assessed by GFAP immunofluorescence) confluent monolayer of primary astrocytes was obtained within 7-10 d of seeding.
Drug Screen. The primary screening was performed at the Yale Center for Molecular Discovery. Optimal seeding density of primary astrocytes was determined experimentally. Ccm3 −/− astrocytes show increased proliferation (5) 
Ccm3
−/− cells per well in uncoated 384-well plates, resulting in equal cell numbers at the time of compound addition, 24 h post seeding. Libraries of 3,806 bioactive compounds, including FDAapproved drugs and 160 kinase and phosphatase inhibitors (Enzo Life Sciences, MicroSource Gen-Plus, MicroSource Pharmac, and ChemBridge) were screened (ycmd.yale.edu/piloting-syntheticand-natural-products-collections). Compounds were first dissolved in 10% DMSO at 10 mM and added to the cells 24 h after seeding at a final concentration of 10 μM. Control wells contained 10% DMSO. After 96 h, cell viability was quantified using the Cell Titer Glo Luminescent Cell Viability Assay (no. G7573; Promega). "Screen-active" candidate molecules with an effect 2 SDs from the median were used for follow-up evaluation. Compounds deprioritized from further investigation were frequent hitters based on reactive groups or behavior in assays and false positives. Toxicity of each compound was calculated as the percent effect relative to the mean of negative control wells (μ c-) set as 0% effect and the mean of positive control wells (μ c+ ) set as 100% effect, using the following formula: percent effect = 100 − {[(sample − μ c+ )/(μ c-− μ c+ )]*100}. Thresholds were determined based on median and SDs of signals from all compound wells. Compounds displaying significant activity were selected as hits. Dose-response studies were performed on screen-active candidate molecules to assess reproducibility and to exclude those exhibiting assay interference or toxicity. Six different concentrations were selected spanning a range encompassing the IC 50 . Three independent experiments were performed. Drugs and inhibitors used were: cerivastatin (SML0005; Sigma), lovastatin (1530; Tocris), fluvastatin (344075; Calbiochem/EMD Chemicals), simvastatin (567021; Calbiochem/EMD Chemicals), mevastatin (26538076; Sigma), atorvastatin (PZ0001; Sigma), pravastatin (P4498; Sigma), pitavastatin (s1759; Selleckchem), fasudil (F-4660; LC Laboratories), zoledronate (L0223; Sigma), clodronate (D4434; Sigma); thiram (45689; Sigma), pyrithione zinc (H6377; Sigma), BAY11-7082 (196870; EMD Millipore), patulin (P1639; Sigma), mitoxantrone dihydrochloride (M6545; Sigma), zaragozic acid (17452; Cayman Chemical Company), GGTI-298 (G5169; Sigma), GGTI-286 (SML1186; Sigma), FTI-277 (F9803; Sigma), RKI-1447, GGTI-2417, and FTI-2153 (S.M.S.).
Scratch-Induced Migration Assay. The scratch-induced migration assay was performed as previously described (37) . Wild-type and Ccm3 −/− astrocytes were plated in 48-well plates. Compounds were added when cells reached confluence, and the monolayer was scratched 24 h later. The scratched area was photographed after 48 h using a Zeiss Axiovert microscope, divided into 10 equal bins, and the longest migration distance was measured in each bin. Three independent experiments were performed; graphs in Fig.  2D show the average value of the 10 measurements.
Time-Lapse Microscopy of Live Cells and Quantitative Analysis of Cell
Morphology and Migration. We quantified migration speeds and shapes of individual cells with 1D fibrillar surfaces replicating the brain tissue ECM and time-lapse microscopy as previously described (39) . Cells were cultured on poly-L-ornithine-and laminin-coated nanofabricated grooved surfaces, and their movements were recorded over a period of 72 h. Averages of cell populations were calculated from at least 40 cells. To investigate collective cell migration, we created a cell monolayer with a stencil that had a rectangular 2 × 5 mm hole on precoated substrata, seeded cells in the hole at high density (1 × 10 6 cells in 50 μL of medium), and performed PIV analysis to quantify this collective cell migration as previously described (41 sc152; Santa Cruz); Na-K-ATPase (1:400) (no. ab7671; Abcam); and β-tubulin (1:500) (Santa Cruz; no. sc-9104). Image J was used for quantification of bands.
Protein Fractionation of Astrocytes. Procedures were performed as described previously (42) . Compounds were added the day after plating. Cells were collected after 72 h in 400 μL of ice-cold cytosol extraction buffer [150 mM NaCl, 50 mM Hepes (pH 7.4), 25 μg/mL Digitonin; no. D141 (Sigma)]. After centrifugation, the supernatant was collected as the cytosolic fraction, and the pellet was resuspended in 400 μL of ice-cold membrane extraction buffer [150 mM NaCl, 50 mM Hepes (pH 7.4), 1% Nonidet P-40], incubated on ice for 30 min, and centrifuged. The supernatant was collected as the membrane fraction.
In Situ Hybridization. Mouse brains were extracted following intracardiac perfusion with 4% paraformaldehyde at P2 or P6. In situ hybridization was performed as previously described (6) . RNA probes complementary to mouse AldhL1 (forward primer: 5′-agtaccataaacccaacggatg-3′; reverse primer: 5′-tagcgatgtacatgtggtcctc-3′), Klf2 (forward primer: 5′-acgtgttggacttcatcctctc-3′; reverse primer: 5′-aaagggtctgtgacctgtgtg-3′), Klf4 (forward primer: 5′-tatcctttccaactcgctaacc-3′; reverse primer: 5′-gtcacacttctggcactgaaag-3′), and collagen 4a1 (forward primer: 5′-aagggacaaaagggagaaagag-3′; reverse primer: 5′-tgtccaacttcacctgtcaaac-3′) were prepared and labeled with digoxigenin-11-UTP.
Immunostaining. Immunostaining of primary astrocytes was performed by standard methods using anti-VEGF antibody (1:50) (no. sc152; Santa Cruz) and secondary antibodies (Jackson ImmunoResearch Laboratories). For F-actin staining, primary astrocytes were stained with Alexa Fluor 555-conjugated phalloidin (1:100) (no. A34055; Life Technologies) for 1 h at room temperature. To quantify the intensity of phalloidin staining, we segmented cells manually with the tool created by Matlab (MathWorks) and read the intensity values of phalloidin-stained images. The phalloidin intensity density representing the degree of cytoskeleton formation was calculated by dividing the summation of phalloidin intensity values by the spreading area of the corresponding segmented cell.
Analysis of Lesion Burden in Cerebellum. For quantification, one half of the cerebellum was sectioned at 100 μm and then was subjected to in situ hybridization with Col4a1 to visualize the vasculature. Lesions were counted and classified in three groups according to the diameter of cavernae: small (20-50 μm), medium (50-150 μm), and large (>150 μm).
Drug Administration in Mice. Fluvastatin and zoledronate were dissolved in DMSO or water, respectively, diluted in drinking water and were supplied to hGfap/Ccm3 cKO females starting at day 15-17 of gestation until pups were harvested at P2. Water consumption was monitored and recorded daily. For s.c. injections, zoledronate was diluted in water. For Cdh5(PAC)CreERT2:Ccm3 cKO mice, fluvastatin (15 mg·kg
) and zoledronate (100 μg·kg
) were diluted in corn oil or water for i.g. or i.p. administration, respectively. Treatment was initiated at P2 and continued daily until P5 or P7. For survival experiments, administration of fluvastatin (i.p. 15 mg·kg
and zoledronate (i.p. 100 μg/kg three times per week) was initiated at P7 and continued to endpoint. cKO mice treated in parallel with vehicle only (DMSO in water or corn oil) served as controls.
Fly Genetics and Drug Screen. ccm3 RNAi lines were obtained from the Vienna Drosophila Resource Center. Oregon R or yw flies were used as wild-type controls. Drug screens were performed based on previously published protocols and were set up as follows: groups of 50 female virgins (Repo > gal4, eGFP) were mated with 25 ccm3-IR or yw (control) males. After 48 h, six females and three males were transferred to drug-and fly foodcontaining vials prepared as follows: Drug (fluvastatin + zoledronate) stocks (in DMSO) were dissolved to the required final concentration in 1.5 mL water and were added to vials containing 500 mg of Drosophila medium (Carolina Biological Supply) to reconstitute the fly food. DMSO was used for control treatment. Fleischmann's Active Dry Yeast was sprinkled on the food, and duplicate crosses with six female and three male flies were added to each vial. Flies were transferred to fresh food vials (with drugs) every 2 d. Wandering third-instar larval brains were dissected and stained using anti-pJNK (Calbiochem), anti-pERK (Abcam), and anti-phospho-histone H3 (Millipore). Brains were imaged using a Leica laser-scanning confocal microscope. For quantification of phospho-histone H3-positive nuclei, brains were imaged as stacks spaced at 1.5 μm and used to generate 3D projections with IMARIS software for quantification of nuclei.
Statistical Analysis. All graphs report mean ± SEM and are compared using an unpaired two-tailed Student's t test, one-way ANOVA, or Wilcoxon signed-rank test when appropriate. P values were two-tailed, and values <0.05 were considered to indicate statistical significance. The mean and SEM are shown in the bar graphs. Survival was estimated by Kaplan-Meier curves and compared using the log-rank test. For lesion analysis and for retina migration assay, variance between groups was found to be statistically insignificant when compared using one-way ANOVA (F-test). Statistical analyses were carried out using GraphPad Prism software (version7). Percent (%) effect of other drugs retained after the hit-pick phase on the proliferation of wild-type and Ccm3 −/− primary astrocytes.
